Introduction
============

Global changes in the activity of specific basal ganglia structures generate devastating pathologies (e.g., Parkinson\'s disease; Huntington chorea). Interpreting the overall behavior of the group of structures called basal ganglia is fundamental for the understanding of motor disorders.

The most predominant model of basal ganglia function is based on the existence of two striatal pathways with antagonistic effects (Albin et al., [@B3]) the activation of the direct pathway facilitates the execution of movements, and the activation of the indirect pathway inhibits motion (Takakusaki et al., [@B54],[@B55]). So it was proposed that movement alterations in Parkinson\'s disease are caused by the over activation of the indirect pathway, whereas hyperkinetic disorders reflect the pathologically increased activity in the direct pathway. Initially it seemed that this simplification had some merit, since lesions in the indirect pathway helped Parkinson\'s disease symptoms (Bergman et al., [@B7]).

A More Realistic Model is Needed
================================

However, the reality of basal ganglia encoding is likely to be more complex. Not only is such simple coding unlikely to be versatile enough to encompass motor skills but the basal ganglia are also involved in learning such skills (Graybiel, [@B26]; Yin et al., [@B63]). We imagine that groups of neurons in several of the nuclei of the basal ganglia could work together in dynamic networks to accomplish these tasks. Recurrent and alternating activity of specific groups of cells could interact to form the substrate that gives rise to the processes associated with learning. Neuronal pools with these characteristics have been called cell assemblies (Hebb, [@B32]). In order to store and perform complex behaviors, cell assemblies must have diverse capabilities, such as the ability to synchronize activity and to compose sequences among different neuronal microcircuits (Hebb, [@B32]; Carrillo-Reid et al., [@B10]). Compositionality is a central issue to cognitive processes; it refers to the ability to generate complex procedures from basic patterns represented by the coordinated activity of specialized neurons organized in hierarchies (Bienenstock and Geman, [@B8]; Hammer, [@B31]).

A Better Scheme?
================

We would like to present the hypothesis that the compositional capabilities observed in neuronal microcircuits can explain normal and pathological behaviors of the basal ganglia. From this point of view, diverse functions can be represented by the continuous reorganization of specialized cell assemblies to accommodate new habit learning and automaticity in learned motor or cognitive tasks. It has been reported for instance that different striatal areas change their predominant activity as learning progresses (Lehericy et al., [@B43]). Indeed the final memory may be laid down outside the basal ganglia in cerebellum (Doyon et al., [@B18]). The next challenge is to develop novel analytical tools and experimental techniques to define the dynamic functional anatomy of the basal ganglia. The study of how anatomy is related to the function of a system requires the understanding of different aspects that shape neural networks. The three main points that can describe the organization of specialized groups of neurons are: (1) the intrinsic properties of the neurons, (2) the synaptic dynamics, and (3) the compositional properties of several interconnected structures.

Intrinsic Properties of Neurons
===============================

The most abundant cell type in the striatum is the medium spiny neuron which is characterized by a hyperpolarized resting membrane potential and low input resistance (Kita et al., [@B41]) as well as several types of potassium conductance that shape their firing patterns (Nisenbaum and Wilson, [@B51]). Membrane depolarization and spiking yield calcium influx, calcium influx activates small and large conductance calcium-activated potassium channels (Bargas et al., [@B5]) and therefore limits cell firing.

Plateau Potentials
==================

Medium spiny neurons display periodically changing firing patterns, referred to as "up and down" states, according to variations in their intrinsic membrane properties as well as excitatory drive from the cortex and thalamus (Wilson and Kawaguchi, [@B62]). The up state persists as long as sufficient excitatory drive is present to maintain depolarization (Wilson, [@B61]; Vergara et al., [@B59]).

Active conductances that give rise to plateau potentials play an important role in the generation of oscillations in several areas. A plateau potential is a stable membrane potential kept above the resting membrane potential. When a plateau potential is generated the cells can produce action potentials in the absence of sustained synaptic excitation (Grillner et al., [@B28]; Guertin and Hounsgaard, [@B29]; Vergara et al., [@B59]). In this way, a transient depolarization of sufficient amplitude and duration can initiate a plateau potential. The plateau can last several seconds before ending spontaneously or it can be terminated by an inhibitory synaptic input. Moreover, plateau potentials are regulated by different neuromodulators for instance in spinal motor neurons (Guertin and Hounsgaard, [@B30]).

A strong synchronous input is not always necessary to induce bursts of action potentials in several cells at the same time. It is often enough to have similar temporal sequences to induce prolonged activity even if the temporal sequences come from a different source (Carrillo-Reid et al., [@B12]).

Network dynamics that depend on plateau potentials have been observed in different structures of the basal ganglia (Vergara et al., [@B59]; Ibanez-Sandoval et al., [@B33]; Carrillo-Reid et al., [@B12], [@B10],[@B11]). For example, it has been shown that plateau potentials underlie up and down state transitions in medium spiny projection neurons from the striatum (Vergara et al., [@B59]; Carrillo-Reid et al., [@B12]). *In vivo* experiments have revealed that the bursting activity of these neurons reflects specific motor patterns (Vautrelle et al., [@B58]). At present here are no ways to evaluate the presence and significance of plateau potentials in intact organisms, including humans (Kiehn and Eken, [@B40]).

Synaptic Dynamics
=================

Excitability changes at the presynaptic level that modify neurotransmitter release occur at all levels of the central nervous system with important consequences in synaptic communication. Activation of presynaptic receptors and modulation of secretion is a well-recognized event (de Jong and Verhage, [@B15]). In the basal ganglia presynaptic influences on dopamine release were reported more than thirty years ago (reviewed by Glowinski et al., [@B23]) followed some years later by presynaptic receptor mediated changes in axonal terminal excitability (Garcia-Munoz et al., [@B20], [@B21]). Since the first descriptions of corticostriatal synaptic plasticity were made on the corticostriatal terminals (Garcia-Munoz et al., [@B22]) the majority of presynaptic studies have examined synaptic plasticity and transmission at excitatory glutamatergic synapses on striatal output neurons (Ding et al., [@B17]; Kreitzer and Malenka, [@B42]). Short-term synaptic plasticity is also involved in the stabilization and reconfiguration of motor circuits and in the initiation, maintenance, and modulation of programs related to movement (Nadim and Manor, [@B50]). In the production of striatal short-term and long-term synaptic changes (potentiation and depression) the participation of glutamate and dopamine receptors has been demonstrated (Calabresi et al., [@B9]; Wickens et al., [@B60]; Kerr and Wickens, [@B38]; Tecuapetla et al., [@B57]).

In the model proposed by Hebb ([@B32]) coincidental sustained firing is necessary to increase synaptic efficacy, a necessary characteristic to allow the transmission between short-term and long-term memory. With this in mind, the synchronous activation of specific microcircuits could modulate network synaptic efficacy promoting the long-term storage of mental representations (Tallon-Baudry et al., [@B56]).

Short-term synaptic plasticity can be used to dynamically select among different motor patterns. It can be used not only to select different patterns of movement, but also different motor programs (e.g., swimming, walking). Synaptic plasticity is dependent on activity and is regulated by neuromodulators, sensory experience or a combination of both (Nadim and Manor, [@B50]).

The induction of striatal short-term and long-term synaptic changes is related to habit formation but also to pathological states (Ingham et al., [@B35]; Costa et al., [@B13]; Day et al., [@B14]; Kreitzer and Malenka, [@B42]; Yin et al., [@B63]). In like manner the understanding of the synaptic dynamics between different structures of the basal ganglia could be a fundamental key to define the functional anatomy underlying motor related behaviors.

Compositional Properties and Basal Ganglia Function
===================================================

Procedural memories and habits can be represented by basic motor actions (Graybiel, [@B25]; Grillner, [@B27]). Basic modules can be combined to generate a broad repertoire of procedures used to perform specific tasks. The knowledge of the compositional rules that guide the formation of habits is fundamental to understanding the dynamic states underlying basal ganglia functions (Carrillo-Reid et al., [@B12], [@B10]). Nevertheless, newer techniques must be developed to investigate experimentally the functional connectivity between specialized groups of cells and behavioral events.

Repetitive practice can create procedural memories allowing the consolidation of specific patterns of motor activity. A memory system based on modular activity has the advantage that any module can retrieve the whole memory (Abeles et al., [@B2]; Carrillo-Reid et al., [@B10]). Activation of recurrent sequences (i.e., neuronal patterns) has been related to working memory (Lewis et al., [@B45],[@B46]). Sustained frontal cortical activity represents working memory processes (Kessler et al., [@B39]; Pollok et al., [@B52]) and the sustained corticostriatal activity has been proposed to participate in the planning and control of movements (Beiser et al., [@B6]). Distributed patterns of cortical activity selectively interacting with striatal networks may underlie the execution of context-dependent movements (Stern et al., [@B53]; Costa et al., [@B13]; Yin et al., [@B63]).

A Reduced System
================

*In vitro* preparations allow the easy access to neuronal assemblies making it possible to study the transfer of patterns of activity. By plating and growing cortical and striatal neurons in different compartments of a multielectrode array we have found that the activity patterns in the cortical compartment are followed by striatal neurons (Figure [1](#F1){ref-type="fig"}).

![**Cortical networks can transfer information to striatal networks**. Left: microelectrode array (MEA) recordings of a compartmentalized culture of cortical cells (red) and striatal cells (blue). Note that cortical activity can trigger the activity of striatal networks. Scale bar 100 μV/600 ms. Right: raster plot representing the activity recorded by the cortical electrodes (red) and the striatal electrodes (blue). The overall activity of the network seems to be defined by synchronous firing of the cortical neurons. Gray stripes indicate the entrainment of firing in the striatal compartment in time with the cortical activity.](fnana-04-00144-g001){#F1}

These preliminary experiments suggest that the behavior of cortical and striatal networks is present in greatly simplified systems but the results need to be expanded both in the details of the analysis of the activity and in applying similar methods to other basal ganglia networks. For instance these cultures have no dopamine input but it could be added.

There are many theories of brain function that depend on cell assemblies with the ability to reproduce sequential patterns of activity that can be "remembered" when a small sample of the network is ignited (Bienenstock and Geman, [@B8]; Abeles, [@B1]; Hammer, [@B31]; Abeles et al., [@B2]; Grillner, [@B27]). There are many fewer experiments showing that real nerve cells do produce such "compositional" networks (Ikegaya et al., [@B34]; Carrillo-Reid et al., [@B12], [@B10]).

In electrical recordings from cortical cells the subthreshold membrane potential state transitions are correlated with the slow rhythm of the electroencephalogram. Clear transitions seen in the anesthetized animal are replaced by oscillations in the firing of groups of neurons in "microzones" or "ensembles" that are time locked to specific movements (Jaeger et al., [@B36]).

Calcium Imaging as a Method to Examine Ensembles
================================================

The use of calcium imaging techniques in corticostriatal slices has revealed that active up states of medium spiny neurons are accompanied by calcium influx (Vergara et al., [@B59]; Carrillo-Reid et al., [@B12], [@B10]). When NMDA is applied *in vitro* to striatal slices, it induces recruitment of active neurons and generates dispersed patterns of activity in the network. Neurons belonging to the network alternate their activity to generate spatiotemporal patterns of synchronization (Carrillo-Reid et al., [@B12]).

Research on how such striatal neuronal assemblies are modified by neurotransmitters and neuromodulators has just begun. So far we know that modifications in GABA and acetylcholine transmission have important consequences (Figure [2](#F2){ref-type="fig"}). GABA~A~ receptor blockade locks the network in a recurrent pattern of activity. Activation of cholinergic muscarinic receptors induces a change in network dynamics by recruiting neurons into correlated firing without increasing the number of active neurons. The presence of acetylcholine seems to allow the formation of cell assemblies with different cycles of activity. These results are important inasmuch as they suggest that the cortical and thalamic glutamate inputs are not the only modulators of striatal network activity. GABA, dopamine and acetylcholine participate in typical sequential activation of cell assemblies, the key element in the generation of motor programs. Although we have looked at these in striatal neurons we expect similar properties to be present throughout the basal ganglia circuits.

It is proposed that activation of motor commands induces recruitment of active neurons and generates stable patterns of activity in striatal neurons that are preserved *in vitro*. Neurons belonging to specific network states alternate their activity to generate spatiotemporal patterns of synchronization (Carrillo-Reid et al., [@B12], [@B10]; Jaidar et al., [@B37]). Thus GABA, dopamine and acetylcholine participate in typical sequential activation of cell assemblies, the key element in the generation of motor programs (Figure [2](#F2){ref-type="fig"}).

![**Cell assembly dynamics in cortico-striatal slices**. Left: maps showing the similarity index of the vectors representing network dynamics as a function of time. The vectors are generated from the firing of individual cells over time, each cell vector is compared with every other to generate the similarity index plot. Patterned structures indicate groups of cells firing together at different times. Right: two dimensional projection using locally linear embedding (LLE) of the vectors defining the states of the network. Arrows indicate transitions between different states. Top: NMDA receptor activation produced synchronous, recurrent and alternating activity in striatal neuronal pools. All these properties are characteristics of cell assemblies. Modified from Carrillo-Reid et al. ([@B10]). Middle: activation of the cholinergic system endows cell assemblies with compositional capabilities allowing the formation of complex sequences of activity from elemental patterns. Modified from Carrillo-Reid et al. ([@B10]). Bottom: blockade of GABA~A~ receptors engages the striatal network in a dominant state. Note the drastic readjustment of cell assemblies from diverse cycles of activity with compositional properties to a fixed pattern that reduced the cell assembly diversity. Modified from Carrillo-Reid et al. ([@B12]).](fnana-04-00144-g002){#F2}

Clinical Implications
=====================

The importance of these network properties for understanding basal ganglia function may not lie only in their intrinsic biological interest. In recent experiments on the underlying mechanism of the therapeutic effects of deep brain stimulation we were forced to conclude that the effect might be a consequence of action at the cortex -- and not in the subthalamic nucleus, where the electrodes are aimed. One obvious effect of the stimulation on cortical activity is to suppress the beta waves in the ECoG that are induced by blocking dopamine receptors.

The drug effect is small compared to the result of lesions of the dopamine system (Mallet et al., [@B48],[@B49]), but the akinesia produced is profound and that also is alleviated by stimulation that reduces the beta frequency power in the ECoG (Dejean et al., [@B16]; Figure [3](#F3){ref-type="fig"}).

![**Cortical effects and the recovery from akinesia**. In **(A)** the average percentage power in the beta band of the EEG is plotted for all nine rats in the study. Each rat is recorded in two conditions. The red symbols are from a day when the rats were treated with Dl and D2 blockers after 10 min in the recording chamber and for 10 min thereafter. The blue symbols represent 2 days later when the animals were again in the same recording chamber but with the stimulation ON (120 Hz and less than 80% of the threshold for movement). The beta power increase caused by the drugs is blocked. In **(B)** we show the inverse relationship of the effect to the stimulus strength. The threshold for a cortical evoked potential is just below 2 μA (0.5 on the scale). The animals come off the bar very quickly when the stimulus is above threshold and the recovery is directly related to the inverse of the stimulus power (more effective akinesia prevention is proportional to higher current (*r*^2^ = 0.84)).](fnana-04-00144-g003){#F3}

In contemporaneous but not directly related experiments Deisseroth\'s group (Gradinaru et al., [@B24]) used optogenetic techniques to influence the cells of the nucleus. They showed that inactivating much of the subthalamic nucleus, or activating the cells there, produced no effect on the symptoms caused by lesion of dopamine cells in the mouse. However, they could influence the behavioral effects of the lesion by applying light to activate the cells of layer V of the cortex. These are the same cells that it had been previously shown to be antidromically activated by deep brain stimulation in the rat subthalamic nucleus (Li et al., [@B47]; Lehmkuhle et al., [@B44]).

Cortical Involvement in Deep Brain Stimulation
==============================================

Thus, disrupting the rhythmic activity in the cortex that gives rise to the beta rhythm in the ECoG is capable of relieving the symptoms of basal ganglia dopamine depletion. This suggests that the beta activity is somehow changing the basal ganglia dynamic in a way that disrupts its function (Arbuthnott et al., [@B4]). One interpretation of these results is that the patterned activity that we have imaged in striatal cultures and in slices of the striatum, is a vital part of the normal activity that underlies voluntary movement. Its disruption by cortical beta dominance blocks the compositional network activity, and so incapacitates the animal -- or the patient.

Recovery after deep brain stimulation, or after magnetic stimulation of the cortex (Fregni and Pascual-Leone, [@B19]) may be a consequence of the disruption of this cortical rhythm and as a result removing its domination of the network activity in the striatum. Return the striatum to normal patterned activity and the animal can move and behave again; the Parkinsonian patient can move again. Of course the disruption of cortical activity itself has consequences that may entail "cognitive side effects" of stimulation. If thoughts and memories depend on compositional network activity then it is not a surprise that stimulation also interrupts those in cortex at least to some extent.

Conclusions
===========

We have tried to introduce new concepts indicating that basal ganglia structures are capable of forming neuronal networks that can demonstrate compositional properties.

The concept of a basic stereotypic microcircuit formed by several neurons with common connections and dynamic operations can invigorate basal ganglia research. Storage and retrieval of learned patterns of movement could take place in the basal ganglia by the dynamic reorganization of cell assemblies. To make predictions of future events and generate appropriate behavior, our cortex and basal ganglia could store sequences of patterns and retrieve suitable sequences by their similarity with previously successful patterns.

The generation of predictive knowledge of the properties of the world around is vital to our ability to act upon it and within it. Not surprising then that the perceptual processes often thought of as vital for such knowledge of the body in the world should be visible within the basal ganglia. Informed, or disrupted by cortical influences, maintained by the action of different neurotransmitters, our normal lives depend on the compositional properties of diverse cell assemblies.
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